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摘   要 
 
Ge 由于其在光纤通信波段（1.3~1.55 µm）有较大的吸收系数，比 Si 具有更
高的电子和空穴迁移率，与标准 CMOS 工艺兼容性好等优点，被广泛应用于
Si 基光电集成和微电子等领域。本文针对 Ge 器件制备过程中遇到的 n 型杂质掺
杂难度大、金属与 n-Ge 接接触费米钉扎效应严重等问题，提出低温预退火与脉
冲激光退火相结合的方法获得高掺杂浓度 n 型 Ge 以及高性能 Ge n+/p 浅结，开
展了 SOI 基 Ge 波导探测器的结构设计以及研制工作，论文的主要工作内容和创
新点如下： 
1. 系统研究了脉冲激光退火注磷 Ge 过程中的热输运以及杂质扩散的机理。
结果表明，脉冲激光退火过程中 Ge 的熔化深度和熔化持续时间随激光退火能量
密度均呈现近似线性增加的趋势；基于脉冲激光退火 Ge 中温度分布和热输运，
建立脉冲激光退火过程磷在 Ge 中的扩散模型，表明磷的扩散主要发生在 Ge 熔
化区域，其分布由扩散方程和熔化深度决定。 
2. 采用脉冲激光退火注磷 Ge 衬底，发现在激光退火能量密度小于 500 
mJ/cm2 时，退火后的样品表面光滑（RMS<0.5 nm）。磷在 Ge 中的扩散深度随激
光能量密度呈现线性变化，可利用这种现象来精确控制杂质在 Ge 中扩散深度；
优化激光能量，当激光能量为 250 mJ/cm2 时，得到的 n-Ge 最大载流子浓度达到
1020 cm-3，Al/n+-Ge 接触的比接触电阻率低至 1.61×10-6 Ω•cm2。 
3. 提出低温预退火和激光退火相结合的两步退火法激活 Ge 中注入的磷杂
质。低温预退火初步修复离子注入损伤，从而有效抑制脉冲激光退火过程中磷在
Ge 中的扩散，获得高的 n-Ge 掺杂浓度和 Ge n+/p 浅结；制备的 Ge n+/p 浅结二极
管的结深约 44nm，其反向漏电流密度低至 8.3×10-5 A/cm2，整流比高达~107，是
目前国际上报导的最好结果。该二极管在 1.55 μm 处的光响应度为 0.48 A/W。 
4. 理论分析和模拟了 SOI 基 Ge 波导光电探测器的光学传输特性和电学性
能，优化设计探测器结构，给出探测器波导宽度、长度以及各材料层厚度等优化
参数，为后续探测器的制备提供理论指导。 
5. 研制出 SOI 基 Ge 波导探测器。采用低温 Ge 缓冲层技术在 SOI 衬底上外
延生长出结晶质量良好的 Ge 探测器材料，通过离子注入工艺形成 p-Ge/i-Ge/n-Si
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探测器结构。制备的探测器暗电流随着反向电压略有增大, 在-1V 的反向偏压下，
最小暗电流低至 6×10-8 A。在 1.55 μm 波长入射光条件下，探测器光响应度达到
0.76 A/W，3dB 带宽约为 5.5 GHz。 
 
关键词：脉冲激光退火；低温预退火；Ge n+/p 浅结；SOI 基 Ge 波导探测器 
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Abstract 
 
Germanium (Ge) has been extensively applied in the field of Si-based 
opto-electronic integration and micro-eletronic devices due to its large optical 
absorption coefficient at the wavelength for optical communication (1.33~1.55 μm), 
higher electron and hole mobility than silicon, and the compatibility with standard 
complementary metal–oxide–semiconductor (CMOS ) technology. This thesis is 
aiming at solving the problems of the difficulty to achieve heavy n-type doped Ge and 
strong fermi-level pinning effect (FLP) in metal/n-Ge contact. A novel annealing 
approach of combining low temperature pre-annealing (LTPA) and excimer laser 
annealing (ELA) has been proposed and used to obtain high n-type doping 
concentration in Ge and high performance Ge n+/p shallow junction. The structural 
design and fabrication of SOI-based Ge waveguide photodetectors are also 
investigated. The main works and innovation are summarized as follows: 
1. The mechanism of heat transportation and dopant diffusion in 
phosphorus-implanted Ge during excimer laser annealing (ELA) were systemically 
investigated. The results indicated that the melting duration time and melted depth of 
Ge increased linearly with laser energy density. Based on heat transportation and 
temperature distribution in Ge during ELA, a diffusion model had been developed to 
predict the P redistribution induced by the ELA process. It suggested that the P 
diffusion mainly occured in the region of melted Ge and the dopant profiles in Ge 
were governed by diffusion equation and the melted depth.  
2.  The impact of excimer laser annealing on surface morphology and crystal 
quality of phosphorus-implanted Ge were demonstrated. The surface roughness of 
phosphorus-implanted Ge samples were changed little with various laser energy 
density (<500 mJ/cm2). The phosphorus diffusion in Ge increased linearly with laser 
energy density, and we utilized this phenomenon to control the junction depth. The 
maximum electrical concentration of phosphorus was up to 1020 cm-3 and a low 
specific contact resistivity of 1.61×10-6 Ω·cm2 for Al/n+Ge ohmic contact had also 
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been obtained after ELA of phosphorus-implanted Ge at 250 mJ/cm2. 
3. A two-step annealing approach of combining low temperature pre-annealing 
and ELA had been proposed to activate dopants in phosphorus-implanted Ge. The low 
temperature pre-annealing step played a critical role in preliminarily annihilating the 
implantation damages and significantly suppressing phosphorus diffusion during laser 
annealing process in phosphorus-implanted Ge, resulting in a very small junction 
depth of about 44 nm and high activation level of phosphorus. A Ge n+/p shallow 
junction diode with the largest-ever-reported rectification ratio (Ion/Ioff) of about 107 
and a low leakage current density of 8.3×10-5 A/cm2 was achieved, which had a 
optical responsivity of about 0.48 A/W at 1.55 μm wavelength. 
4. The optical transmit characteristics and electrical properties of SOI-based Ge 
waveguide photodetector (PD) are theoretically analyzed and simulated. Base on these 
analyses, the Ge PD was designed and its parameters were optimized (the waveguide 
length and width, thickness of each layer), which provides a theoretical guidance for 
the fabrication of Ge waveguide PD.   
5. SOI-based Ge waveguide photodetectors were fabricated. High-quality Ge 
materials were epitaxially grown on SOI substrate using low temperature buffer 
technique. And then, the Ge PD material structure of p-Ge/i-Ge/n-Si was formed with 
ion implantation technology. The dark current of Ge PD increased slightly with 
reverse voltage, and minimum dark current was 6×10-8 A at -1 V. The optical 
responsivity and 3dB bandwidth was 0.76 A/W and 5.5 GHz at 1.55 μm wavelength 
respectively.  
 
Keywords: Excimer laser annealing (ELA); Low temperature pre-annealing; Ge n+/p 
shallow junction; SOI-based Ge waveguide photodetector. 
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